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A B S T R A C T

In an emergency context, the detection of microRNA (miRNA), which are potential biomarkers of cardiovascular 
and muscular pathologies is hampered by the time required for the various steps involved: treatment of the 
patient sample, reverse transcription (RT), and finally polymerase chain reaction (PCR). In this context, 
magnetically assisted extraction of miRNA could shorten the sample treatment duration and enable a potential 
pre-concentration to gain in sensitivity. To this goal, magnetic nanoparticles (MNP) functionalized with DNA 
were developed. Maghemite nanoparticles were coated with a layer of silica, doubly functionalized with PEG 
chains to guarantee colloidal stability and limit non-specific protein adsorption, and amine functions to allow 
post-functionalization with DNA which have complementary sequences of the targeted miRNA. Two post- 
functionalization strategies were tested, one based on the reaction between a thiolated DNA and a maleimide 
group at the surface of the MNP, the other between an azide-functionalized DNA and a dibenzocyclooctyne group 
on the surface of the MNP. The strain-promoted azide alkyne cycloaddition (SPAAC click chemistry) proved to be 
the most efficient functionalization strategy. Optimization of the complementary DNA grafting protocol, carried 
out by varying the ratios between the quantities of dibenzocyclooctyne groups and DNA and between the 
quantities of DNA and MNP, revealed on the one hand that the quantity of DNA grafted per nanoparticle could be 
finely controlled, and on the other hand that the grafting on the MNP’s surface of an excessive quantity of 
dibenzocyclooctyne groups led to a reduction in grafting yields. The optimized process was used for grafting the 
complementary DNA of 6 different miRNA, including 4 biomarkers of muscle injury (miR-1, 133a, 133b, and 
206). It led to the grafting of approximately 4 complementary DNA per MNP, whatever the nucleotide sequence 
considered. Capture of the targeted miRNA by magnetic separation was then studied in buffered model media 
and in complex biological media. This study showed that MNP allowed magnetically-assisted extraction of target 
miRNA with good hybridization yields, even in biological media for which the capture capacity was preserved at 
around 75 %, with rapid kinetics and satisfactory selectivity.

1. Introduction

Recent studies have shown that microRNA (miRNA), which are 
nucleic acids of around twenty nucleotides involved in the control of 
gene expression, are potential biomarkers of numerous pathologies, 
including cancer, but also acute cardiovascular and muscular damage 
[1–4]. Their detection in emergency diagnostics is therefore considered, 

to confirm the diagnosis of extremely severe pathologies such as car
diovascular events. In the case of muscular pathologies, miRNA have 
been shown to be reliable indicators of muscle injury linked to intense 
exercise, and their diagnosis could prove invaluable in the very specific 
context of armed forces operations. It would be a decisive aid to 
decision-making before deploying substantial resources to evacuate 
wounded soldiers. The objective is to provide a rapid yet reliable method 
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for detecting highly specific miRNA, which can be implemented in iso
lated conditions, with limited resources in a critical situation.

The various emergency applications are currently not feasible 
because the standard technique for quantifying miRNA, i.e. reverse 
transcriptase quantitative polymerase chain reaction (RT-qPCR) [5], 
takes too long to complete (several hours). Additionally, it is a sophis
ticated technique that only highly qualified staff can use because it calls 
for expensive consumables and specific equipment. There is therefore a 
real interest in developing new, faster techniques for quantifying 
miRNA, and alternatives such as digital PCR (dPCR) or ultra-fast PCR are 
being studied [6,7]. However, these techniques are still dependent on 
the two steps prior to PCR: extraction of miRNA from the biological 
sample and reverse transcription of miRNA into complementary DNA.

The circulating miRNA that can be detected in blood are both 
numerous, due to their diversity, and present at extremely low con
centrations. This explains why numerous PCR cycles are needed to 
quantify them, in a relative way, by measuring the concentrations of a 
number of miRNA against those of reference miRNA. An anomalous 
increase in the concentration of a miRNA compared with reference 
miRNA is thus indicative of a pathology [8]. This is a challenge in terms 
of the sensitivity and selectivity of the technique used. Treatment of the 
biological sample could prove crucial in this context, firstly by targeted 
extraction of specific miRNA from the biological medium, and secondly 
by pre-concentrating the extracted miRNA if they can be separated from 
the other components of the biological sample.

Magnetically-assisted extraction, also known as magnetic separation 
[9,10], is relevant from both these points of view, provided that a solid, 
magnetic and affine (i.e. selective) support is available for the species 
whose concentration is to be determined. The use of nanoparticles (NP) 
is particularly advantageous from this point of view because of their 
small size. This gives them an extremely high surface-to-volume ratio, i. 
e. a very large specific surface area, onto which the affine ligands for the 
species to be extracted can be grafted, in our case the complementary 
DNA sequences of the targeted miRNA. For an equivalent mass of solid 
support, this small size means that the smaller their size, the greater 
their extraction capacity, since the surface/volume ratio in the case of 
spherical NP is inversely proportional to their diameter. In addition, 
again because of its small size, this is a solid support, but one that dif
fuses by Brownian motion, leading to much faster capture kinetics than 
in the case of a conventional solid support, such as the surface of a well 
on a microtiter plate conventionally used in biological analysis. Our 
group has shown for example that the use of magnetic nanoparticles 
(MNP) with antigens grafted onto their surface leads to a 30-fold 
improved limit of detection of the targeted antibody, with the analysis 
being carried out in a few minutes compared to several hours for a 
conventional ELISA test [11]. To guarantee these gains in sensitivity and 
time, the stability of the colloidal dispersion must be maintained, even in 
complex biological environments.

Numerous applications of MNP in in vitro diagnostics have thus been 
reported, in which nanoparticles are used to preconcentrate the targeted 
entity or also to amplify the signal in certain electrochemical or optical- 
based immunoassays [12]. Moreover, they are already used clinically for 
in vivo diagnosis in MRI imaging, as T2 contrast agents, due to their 
intrinsic magnetic properties, and are being studied for multimodal 
imaging applications, combining MRI and PET imaging, for example 
[13]. A large number of magnetic nanometric platforms for targeted 
drug delivery have also been described in the literature, the most recent 
combining therapy and in vivo imaging, for applications in a field now 
referred to as theranostics [14]. Both the colloidal stabilization and the 
post-functionalization of MNP by ligands of biological interest, for 
example to carry out active targeting as a complement to passive tar
geting in targeted therapy [15], or to capture a target entity to be 
pre-concentrated, in in vitro diagnostics, require extremely precise 
control of the functionalization of the MNP surface.

Several approaches have been developed over the last few decades to 
achieve complex functionalization of the MNP surface [16]. One of the 

oldest approach is to functionalize the MNP with molecules or polymers 
of relatively low molecular weight that bears on one side chemical 
functions with high complexation constants for Fe(III) ions, enabling a 
strong affinity for the iron oxide surface, and on the other side reaction 
groups allowing subsequent post-functionalization [17]. An original 
example is the functionalization of maghemite NP with dimercapto
succinic acid (DMSA), which has two carboxylic acid functions that can 
bind to iron (III) atoms on the surface, and which contributes to the 
colloidal stability of nanoparticles at physiological pH, which is essential 
for medical applications, by adding negative charges [18]. Interestingly, 
this molecule also has two thiol functions, enabling 
post-functionalization with a fluorophore, for example, to combine 
magnetic and fluorescence properties [19]. These two thiol functions 
also help to stabilize the functionalization by forming intermolecular 
disulfide bridges. Indeed, this approach suffers mainly from the lability 
of surface-anchored ligands, which can be displaced, particularly in a 
biological environment, leading to a loss of functionalization. The use of 
polydentate molecules or polymers with several chelating functions, 
such as carboxylic acid, catechol, or phosphonic acid functions, enables 
this desorption to be limited to a certain extent.

Another approach is to encapsulate magnetic nanoparticles and 
cover their surface with an organic or inorganic coating, thus resulting 
in composite nanoparticles. Biopolymers, like chitosan and dextran, 
have been widely used as organic coatings [20]. Chemical trans
formations of some of their functions, such as the oxidation of certain 
alcohols to aldehyde, allow their surface to be post-functionalized. 
Numerous polymers, both natural and synthetic, with specific proper
ties, such as thermo-sensitivity for use in magnetic hyperthermia for 
targeted drug delivery, are also being widely studied [21].

Coating with a layer of silica to obtain MNP, sometimes referred to as 
core-shell MNP, is the most widespread example of covering the surface 
with an inorganic coating [22,23]. The silica layer is synthesized by 
hydrolysis and condensation of tetraethylorthosilicate (TEOS), usually 
at a basic pH, either in an alcoholic medium (Stöber process) [24,25] or 
in a water-in-oil microemulsion [26]. The silica layer synthesized in this 
way can be fluorescent by doping it with a fluorophore previously 
coupled to an organosilane, such as aminopropyltriethoxysilane (APTS). 
It can also have a controlled porosity by adding a structuring agent, such 
as cetyltrimethylammonium bromide (CTAB), during the synthesis of 
the silica layer [27]. This possibility has led to some very exciting de
velopments in drug delivery, notably the development of mesoporous 
core-shell MNP, loaded with drugs, and whose pores are sealed using 
molecular gatekeepers [28]. The drugs could then be delivered on de
mand using magnetic hyperthermia, with local heating of the MNP 
causing the gates to open [29].

Furthermore, there is a large number of commercial organosilanes 
containing 3 ethoxy functions, involved in the hydrolysis and conden
sation processes, and another functionality, thus opening the way to the 
on-demand functionalization of the silica layer and therefore of the MNP 
surface. These include organosilanes containing polyethylene glycol 
chains or zwitterionic molecules, two types of functionalities that 
considerably increase the colloidal stability of nanoparticles and also 
their stealth in a biological environment by limiting the non-specific 
adsorption of proteins [30–32]. There are also similar compounds, but 
with a reacting group allowing subsequent coupling with other chemical 
entities, like biological ones (proteins, antibodies, DNA, etc.). The 
introduction of amine groups paves the way to carbodiimide chemistry 
and reactions with N-hydroxysuccinimide active esters [33] while those 
of thiol groups allows thiol-ene click chemistry [34] and reactions with 
maleimide derivatives. This latter method has been the subject of an 
in-depth study to optimize the grafting of peptides and antibodies onto 
the surface of polymeric NP, demonstrating its potential for function
alizing NP [35]. Finally, bio-orthogonal couplings are also accessible, 
the most often used being that between an alkyne and an azide. Usually, 
an additional surface functionalization step is carried out, for example 
by reacting amine functions with succinimide derivatives containing 
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alkyne or azide functions, as many compounds of this type are now 
commercially available. Although the reaction is sometimes carried out 
in the presence of a copper catalyst [36], according to the method 
initially developed by Sharpless et al. [37], the most common reaction is 
the strain-promoted azide alkyne cycloaddition (SPAAC click chemistry) 
proposed by Bertozzi et al. [38], [39]. This method consists of taking 
advantage of the greater reactivity of a constrained triple bond, thus 
eliminating the need for copper catalysis. There are many examples of 
MNP functionalized by SPAAC click chemistry for biomedical applica
tions such as in in vivo diagnostics, in MRI [40] and PET [41], and in 
stem cell tracking and imaging [42,43], but less for in vitro diagnostics 
and in particular for surface functionalization by nucleotide sequences. 
SPAAC click chemistry has already been successfully used to graft MNP 
to the surface of DNA origami at selected positions [44]. In another 
study, it was demonstrated that this coupling strategy enabled single 
strands of DNA to be attached to the surface of magnetic nanoparticles 
by adjusting the grafting density [45].

In this work, we describe the synthesis of maghemite nanoparticles 
coated with a non-porous silica layer, the surface of which is doubly 
functionalized by short PEG chains on one hand, and by amine functions 
on the other. Our objective being the selective magnetic extraction of 
miRNA, the amine functions were used to graft complementary DNA 
strands of the targeted miRNA onto the surface. Alternative DNA capture 
strategies were not included in this study, although they have demon
strated their effectiveness for capturing oligonucleotides in biological 
environments. Notably, the use of magnetic nanoparticles functional
ized with carboxylic acid groups [46,47] was not considered because, 
although it allows for efficient DNA capture, this capture is not selective 
and therefore does not enable targeting specific oligonucleotide se
quences. Another approach involves functionalizing the surface of 
magnetic nanoparticles with streptavidin to capture biotinylated DNA 
sequences [48]. Since we aimed to use nanoparticles with the smallest 
possible hydrodynamic diameter to ensure the fastest possible capture 
kinetics, we did not consider this approach of grafting a relatively large 
protein onto the surface of the magnetic nanoparticles.

Two protocols were tested, one involving coupling between a mal
eimide group and a thiolated DNA, the other between a dibenzocy
clooctyne group and an azide-functionalized DNA. As the latter protocol 
proved to be the most effective, it was studied in greater detail in order 
to optimize it and then used on several DNA, targeting miRNA bio
markers of muscle or cancer pathologies. In view of the urgent nature of 
muscle injury management, the miRNA considered were mainly muscle 
injury biomarkers (miR-1, 133a, 133b, 206), but a cardiac injury 
biomarker (miR-208a) and a liver injury biomarker (miR-122) were also 
included in the study in order to broaden its scope. Finally, the ability of 
the functionalized MNP to capture target DNA was assessed, both in a 
buffered environment and in a complex biological environment, as well 
as the kinetics and selectivity of capture.

2. Experimental section

2.1. Materials and methods

37 % hydrochloric acid, 52 % nitric acid, 22.5 % and 30 % ammonia, 
absolute ethanol, acetone, diethyl ether, anhydrous dimethylsulfoxyde 
(DMSO), iron(II) chloride, iron(III) nitrate nonahydrate, 27 % iron(III) 
chloride aqueous solution, sodium chloride, were purchased from VWR 
chemicals (Radnor, USA). 3-N-morpholinopropanesulfonic acid sodium 
salt (MOPS), N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid 
(HEPES), sodium citrate, tetraethoxyorthosilicate (TEOS), 3-aminopro
pyltriethoxysilane (APTS), fluorescamine, sulfosuccinimidyl-4-(N- 
maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC), dibenzo
cyclooctyne-PEG4-N-hydroxysuccinimidyl ester (DBCO) were purchased 
from Sigma Aldrich (Darmstadt, Germany). 90 % 3-[methoxy(polyethy
lenoxy)]propyltrimethoxysilane (PEOS) was purchased from ABCR 
(Karlsruhe, Germany).

MS Miltenyi columns were purchased from Myltenyi (Bergisch 
Gladbach, Germany). 30 kDa-cut-off-membrane filters were purchased 
from Sartorius (Goettingen, Germany).

Probe DNA with complementary sequences of targeted miRNA were 
purchased either from Eurogentec (Seraing, Belgium) for the 5’ thiol- 
modified ones or from Integrated DNA Technologies (Coralville, USA) 
for the 5’ azide-modified ones. The amount of probe DNA grafted on NP 
was determined using probe DNA labeled with fluorescein on the 3’ end. 
A calibration curve was obtained by measuring the fluorescence in
tensity at 495 nm of several solutions with known probe DNA 
concentrations.

Target DNA mimicking the sequences of targeted miRNA were pur
chased from Eurogentec (Seraing, Belgium). The amount of target DNA 
hybridized on NP was determined using target DNA labeled with 
cyanine-5.5 (Cy5.5) on the 5’ end. A calibration curve was obtained by 
measuring the fluorescence intensity at 645 nm of several solutions with 
known target DNA concentrations.

Due to the high cost of fluorescein and cyanine labeled DNA, the 
amount of grafted probe DNA and the amount of hybridized target DNA 
were measured only once by fluorescence for each condition studied. 
The reported values are therefore not derived from multiple experi
ments, and consequently, statistical analysis and significance cannot be 
performed.

All DNA samples were purchased in a dried format and diluted in 
deionized water to obtain a stock solution at a concentration of 10− 4 M, 
stored in the freezer at − 20◦C.

Table 1 presents all the DNA sequences used in this work.
The morphology of the synthesized NP was characterized by trans

mission electron microscopy (TEM, JEOL 1011). A droplet of NP 
dispersion was deposited on a carbon-coated copper grid and air-dried at 
room temperature. Diameters were measured using ImageJ software (n 
≥ 200) and the data obtained were analyzed as the mean ± standard 
deviation (log normal law).

The total iron concentrations of all samples were measured by atomic 
absorption spectroscopy (AAS, PinAAcle 500, Perkin Elmer).

The magnetic properties of NP dispersed in water were measured 
using a Quantum Design Superconducting Quantum Interference Device 
(SQUID, MPMS-XL).

Dynamic light scattering (DLS) and zeta-potential measurements 
were performed on a Malvern Zetasizer instrument.

Fluorescence spectroscopy was performed on a SpectraMax i3x 
microplate reader from Molecular Devices.

The concentration of NP in each sample was calculated using the iron 
concentration of the stock solution of NP.

The concentration of amino functions in each sample was deter
mined using fluorescamine assay [49]. A calibration curve was obtained 
by measuring the fluorescence intensity at 480 nm of several solutions 
with known APTS concentrations.

Table 1 
Sequences of the probe and target DNA.

Name Probe DNA sequences (5’ to 3’) Target DNA sequences (5’ to 3’)

miR− 122 CA AA CAC CAT TGT CAC ACT 
GC

GC AGT GTG ACA ATG GTG TT 
TG

miR− 1 AT ACA TAC TTC TTT ACA TTC 
CA

TG GAA TGT AAA GAA GTA TGT 
AT

miR− 133a CA GCT GGT TGA AGG GGA CCA 
AA

TT TGG TCC CCT TCA ACC AGC 
TG

miR− 133b TA GCT GGT TGA AGG GGA CCA 
AA

TT TGG TCC CCT TCA ACC AGC 
TA

miR− 206 CC ACA CAC TTC CTT ACA TTC 
CA

TG GAA TGT AAG GAA GTG TGT 
GG

miR− 208a AC AAG CTT TTT GCT CGT CTT 
AT

AT AAG ACG AGC AAA AAG CTT 
GT
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2.2. Synthesis of maghemite NP

The size sorted maghemite NP were obtained by alkaline co- 
precipitation [50]. 22.5 % ammonia solution (1 L) was added to an 
acidic iron (II) and iron (III) ions solution (180 g of FeCl2, 100 mL of 
37 % hydrochloric acid, 500 mL of water and 715 mL of 27 % FeCl3) and 
left at room temperature under stirring for 30 min. After rinsing with 
water, the obtained magnetite NP (Fe3O4) were redispersed in 360 mL of 
52 % nitric acid, the solution was agitated for 10 min, and the NP were 
magnetically separated from the solution. Then a solution of Fe(NO3)3 
(323 g) in water (800 mL) was added, and the combined mixture was 
boiled for 30 min to give maghemite NP (γ-Fe2O3).

The resulting NP were acidified with 52 % nitric acid (360 mL) and 
washed three times with acetone (3×1 L) and two times with diethyl 
ether (2×500 mL) before being redispersed in water (1 L), resulting in 
maghemite NP, which are polydispersed in size. To decrease the poly
dispersity, a size sorting process [51] was performed thanks to the 
addition of 52 % nitric acid (30 mL) to precipitate the larger particles. 
These precipitated NP were separated from the rest of the magnetic 
fluid, washed with acetone (3×500 mL) and diethyl ether (2×300 mL), 
and finally redispersed in water (125 mL). To ensure their stability and 
dispersion at neutral pH, the NP were citrated [52] by boiling the 
dispersion with sodium citrate (4.5 g) for 30 min. After washing with 
acetone (3×500 mL) and diethyl ether (2×300 mL), the resulting NP 
were dispersed in water (125 mL).

2.3. Synthesis of silica coated maghemite NP

Silica coated maghemite NP were synthesized using a procedure 
developed and optimized by our group [53,54]. 364 µL of size-sorted 
citrated maghemite NP ([Fe] = 1.9 M) were diluted in 30 mL of water 
and 60 mL of ethanol. 464 µL (2.05 mmol) of TEOS and 1.5 mL of 30 % 
ammonia were then added, and the mixture was left to react under 
vigorous stirring using an orbital shaker for two hours. Then, 185 µL 
(0.34 mmol) of PEOS, 81 µL of APTS (0.34 mmol), and 153 µL 
(0.68 mmol) of TEOS were added to the solution and left to react 
overnight. The obtained NP were washed three times with an etha
nol/diethyl ether solution (1/15) and redispersed in 3 mL of MOPS 
buffer (pH = 7.3, [MOPS] = 100 mM).

2.4. Grafting of probe DNA

10 μL of the stock solution of silica coated maghemite NP ([Fe] =
0.123 mol/L) and the appropriate amount of a stock solution in anhy
drous DMSO of sulfo-SMCC or DBCO were added to 100 μL of HEPES 
buffer (pH = 7.3, [HEPES] = 50 mM, [NaCl] = 500 mM). The solution 
was mixed for one hour at room temperature using an orbital shaker. 
Afterward, NP were recovered by ultrafiltration (13 000 rpm, 10 min) 
with a 30 kDa-cut-off membrane filter and redispersed in 100 μL of 
HEPES buffer.

The appropriate amount of the stock solution of probe DNA (0.3 μL or 
0.6 μL according to the ratio DNA/NP) was added to 20 μL of this 
dispersion of NP in HEPES buffer. The solution was mixed overnight at 
room temperature using an orbital shaker. NP were then washed three 
times with HEPES buffer using MS Miltenyi columns to perform mag
netic separation. NP were finally eluted with 200 μL of HEPES buffer, 
and fluorescence intensity was measured at 495 nm.

2.5. Capture of target DNA

The NP-probe DNA were hybridized in 200 μL of HEPES buffer with 
the same quantity of target DNA (0.3 μL or 0.6 μL of the stock solution of 
target DNA according to the ratio DNA/NP) as the quantity of probe 
DNA used in the grafting step. The solution was mixed for 30 minutes at 
room temperature using an orbital shaker. NP were then washed three 
times with HEPES buffer using MS Miltenyi columns to perform 

magnetic separation. NP were finally redispersed in 200 μL of HEPES 
buffer, and fluorescence intensity was measured at 645 nm.

3. Results and discussion

3.1. Synthesis of silica coated maghemite NP

The synthesis of silica-coated maghemite NP was achieved using a 
method developed by our group (Fig. 1) [53,54]. Maghemite NP are 
synthesized by co-precipitation of iron(II) and iron(III) chloride salts 
with ammonia [50] and then size sorted to obtain a narrower size dis
tribution [51]. The obtained maghemite NP, with an average physical 
diameter of 12.6 nm (Fig. 2a), are then functionalized with sodium 
citrate [52] to obtain a dispersion of maghemite NP stable in aqueous 
phase at neutral pH.

The protocol for coating these NP with silica involves two steps. The 
silica layer is synthesized in the first step by hydrolysis and condensation 
of TEOS in an alcoholic medium in the presence of ammonia (Stöber 
process [24,25]). A silanized fluorophore, obtained for example by re
action between a fluorophore containing an isothiocyanate function and 
APTS, can be used in this step to obtain a fluorescent silica layer. It is 
thus possible to combine magnetic and fluorescence properties, which is 
particularly useful for cell internalization studies [55]. We have also 
shown that controlled aggregation of maghemite NP, by adding a salt to 
the synthesis medium in order to screen the electrostatic repulsive in
teractions, allows the shape of these core-shell NP to be modified [56].

Functionalization of the surface of this silica layer is achieved in the 
second step by simultaneous condensation of three organosilanes: PEOS 
to introduce PEG chains to improve the colloidal stability in a biological 
medium, APTS to introduce amine functions for post-functionalization, 
and finally TEOS to improve the cross-linking rate, so that this func
tionalization is not too labile, particularly by hydrolysis. In particular, 
we have shown that varying the ratio of PEOS and APTS concentrations 
can be used to finely tune the quantity of amine functions on the surface 
and consequently the zeta potential at neutral pH, as these are proton
ated and therefore a source of positive charges, counterbalancing the 
negative charges of the deprotonated silanol groups at this same pH 
[57].

Here, the silica coating was carried out without the addition of salts, 
resulting in roughly spherical silica coated NP with an average of two 
maghemite NP in their core and an average physical diameter of 
26.5 nm (Fig. 2b). Characterization by dynamic light scattering revealed 
a hydrodynamic diameter of 43 nm, close to the average physical 
diameter, proving that the NP are not aggregated. A zeta potential of 
+18 mV was measured, corresponding to the protonation of the amine 
functions at neutral pH. The dispersion is stable over several months in a 
buffered medium (pH = 7.4) (Figure S1).

The iron concentration of the final dispersion is 0.123 mol/L, a quite 
high concentration for composite NP. The concentration of silica coated 
maghemite NP is calculated thanks to Eq. (1). 

[NP] = ([Fe].M)/(2.ρ.N.v))                                                            (1)

with [Fe] the iron concentration of the final dispersion, M the molar 
mass of maghemite (160 g/mol), r the volumic mass of maghemite 
(5.1×103 g/L), N the mean number of maghemite NP in the core (2) and 
v, the volume of a maghemite nanoparticle (spherical, d=12.3 nm).

The calculated concentration is of 1.65×10− 6 mol/L of NP. The 
concentration of amine functions in the final dispersion, determined by 
fluorescence measurements after reaction with fluorescamine [49], is of 
4.06×10− 3 mol/L. The ratio of these two concentrations indicates that 
each silica coated NP bears approximately 2500 amine functions on its 
surface, i.e. approximately 1.1 amine functions/nm2.

The magnetic properties of the silica coated NP are similar to those of 
maghemite NP, with a saturation magnetization of 59 emu/g(Fe2O3), 
zero remanent magnetization and zero coercive field, as expected for 
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maghemite NP of this size, which are superparamagnetic at room tem
perature (Figure S1) [58].

3.2. Grafting of probe DNA

Probe DNA were grafted using two different strategies, one 
employing an amine/thiol heterolinker and the other an amine/azide 
heterolinker. The use of an amine/amine homolinker, such as gluta
ldehyde, to graft a probe DNA containing an amine function at the 5′ end 

onto the surface of the NP was not tried. Indeed, the use of such a 
homolinker could have resulted in coupling reactions between NP, 
leading to the formation of irreversible aggregates, made up of nano
particles linked together by covalent bonds.

The first grafting strategy (Fig. 3) tested consisted of the reaction in a 
first step between the amine functions of the NP and sulfo-SMCC. This 
heterolinker has an N-hydroxysuccinimide group, reactive towards the 
amine functions of the NP, and a maleimide group, reactive towards the 
thiol functions of the DNA. This step is achieved in buffer by simply 

Fig. 1. Two-step synthesis procedure of silica coated maghemite NP.

Fig. 2. TEM micrograph and size distribution of maghemite NP (A) and silica coated maghemite NP (B).
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mixing the solution of NP and the appropriate quantity of a stock solu
tion of sulfo-SMCC in anhydrous DMSO, at room temperature, for 
1 hour. The NP are then purified by ultrafiltration to remove any excess 
of unreacted sulfo-SMCC.

The second step involves the reaction between the maleimide groups, 
now present on the surface of the NP, and probe DNA, modified at the 5′ 
end by a thiol function, and bearing a fluorophore, fluorescein, at the 3′ 
end. This step is achieved in buffer by adding an appropriate quantity of 
a stock solution of probe DNA in water to the NP dispersion. The mixture 
is stirred overnight at room temperature, and then the NP are purified by 
magnetic separation to eliminate ungrafted probe DNA.

For each sample of NP functionalized like this, the quantity of grafted 
DNA can be deduced from the calibration curve by measuring the 
fluorescence intensity. Knowing the quantity of NP introduced, calcu
lated using Eq. (1), it is possible to calculate the quantity of grafted 
probe DNA/NP, neglecting any losses of NP during the purification 
stages by ultrafiltration at the first stage and by magnetic separation at 
the second stage. Different ratios between the quantities of sulfo-SMCC 
and probe DNA, for a constant ratio between the quantity of probe DNA 
and NP, equal to 9, were tested and the results obtained are reported in 

Fig. 4A.
Increasing the ratio of sulfo-SMCC to probe DNA did not improve the 

amount of probe DNA grafted to the surface of the NP, which stayed at 
around 1–1.5 grafted probe DNA/NP corresponding to a low grafting 
yield of around 10–15 %. It is not possible to control the amount of 
grafted probe DNA/NP by adjusting the ratio between the amounts of 
sulfo-SMCC and probe DNA. This disappointing result may be due to 
partial hydrolysis of the maleimide groups, leading to ring opening and 
formation of a maleic acid amide derivative that is not reactive towards 
thiol groups [59− 61]. This has already been reported, particularly for 
certain alkaline pH values above 8, but also during the purification of 
liposomes containing maleimide functions on the surface [62]. The 
observed reduction in the reactivity of maleimide groups can therefore 
be due to their partial hydrolysis, maybe during purification by ultra
filtration in the first step.

An alternative grafting strategy (Fig. 5) was therefore tested using 
DBCO, an heterolinker containing, like sulfo-SMCC, an N-hydrox
ysuccinimide moiety that is reactive towards the amine functions of the 
NP, but which other moiety is a dibenzocyclooctyne group. This group 
enables cycloaddition with molecules containing an azide function, 

Fig. 3. Grafting of probe DNA using sulfo-SMCC and thiol modified probe DNA.

Fig. 4. Number of probe DNA grafted per NP according to the ratio between sulfo-SMCC and probe DNA quantities (A) or DBCO and probe DNA quantities (B, C) 
with 9 (A, B) or 18 (C) probe DNA per NP. These results were obtained for the grafting of the probe DNA for miR-122.
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without copper catalysis, thanks to the enhanced reactivity of the con
strained triple bond [38,39]. The two grafting steps were carried out in a 
similar way, substituting DBCO for sulfo-SMCC, and probe DNA of the 
same sequence, but modified at the 5′ end by an azide function, instead 
of a thiol function.

As before, these probe DNA contained fluorescein at the 3′ end in 
order to be able to quantify the probe DNA grafted in this way. The 
quantities of grafted DNA/NP were calculated by neglecting any losses 
of NP during the purification stages by ultrafiltration in the first stage 
and by magnetic separation in the second stage. Different DBCO/probe 
DNA ratios for a constant probe DNA/NP quantity equal to 9 were 
tested, and the results obtained are shown in Fig. 4B.

Increasing the ratio between the quantities of DBCO and probe DNA 
improved the grafting yield, which reached a maximum of around 48 % 
at a ratio of 10, corresponding to around 4 probe DNA grafted/NP. 
Interestingly, this grafting yield and therefore the quantity of probe DNA 
grafted decrease above this ratio of 10 DBCO/probe DNA, first modestly 
and then much more drastically at 50 DBCO/probe DNA. At this value, 
partial precipitation of the NP is observed, indicating NP aggregation. A 
progressive aggregation of the NP at a ratio greater than 10 could 
explain the decrease in grafting yield, due to the decrease in the ratio/ 
surface volume and the quantity of DBCO accessible for probe DNA 
grafting. This aggregation may be due to the very hydrophobic nature of 
the dibenzocyclooctyne group, which destabilizes the NP in aqueous 
media.

In order to optimize the amount of grafted probe DNA/NP, the same 
grafting protocol was tested for twice the amount of probe DNA/NP, i.e. 
18, by similarly adjusting the amount of DBCO to the amount of probe 
DNA used. The results obtained are shown in Fig. 4C. The same phe
nomenon is observed, i.e. a rapid increase in grafting yield, followed by a 
decrease beyond the limit value of the DBCO/probe DNA ratio, equal to 
5.

The same detailed study was also carried out for a different probe 
DNA, with a sequence complementary to that of miR-133a, in order to 
ensure that these results were not dependent on the oligonucleotide 
sequence studied. The influence of the DBCO/probe DNA quantities 

ratio on the amount of probe DNA grafted was therefore studied for miR- 
133a under the two conditions previously tested for miR-122, i.e. 9 
probe DNA/NP and 18 probe DNA/NP. The results are shown in 
Figure S2. The quantities of probe DNA grafted are fairly close to those 
obtained for miR-122. Once again, the maximum grafting yield was 
obtained for the same two ratios between the quantities of DBCO and 
probe DNA, i.e. 10 for 9 probe DNA/NP and 5 for 18 probe DNA/NP.

So, for these two probe DNA, miR-122 and miR-133a, which have 
been the subject of a detailed study, the maximum amount of grafted 
DNA achieved using 18 DNA/NP is approximately equal to 5 DNA/NP. 
However, using double the amount of DNA/NP, although it leads to a 
slight increase in the number of grafted DNA, results in a decrease in 
grafting efficiency.

In order to compare the results of these two grafting protocols, 
involving 9 and 18 probe DNA/NP respectively, the results obtained 
were expressed as a function of the ratio between the quantities of DBCO 
and NP, for the 4 values common to the two protocols, for the two values 
of the ratio between the quantities of probe DNA and NP, and for the two 
miRNA tested. The grafting yields were calculated by comparing the 
amount of grafted probe DNA to the amount of introduced probe DNA 
for each tested condition. They are expressed as a percentage and are 
indicated in parentheses (Table 2).

Fig. 5. Grafting of probe DNA using DBCO and azide modified probe DNA.

Table 2 
Number of probe DNA grafted per NP and grafting yields for miR-122 and miR- 
133a.

miR-122 miR-133

DBCO/NP 9 DNA/NP 18 DNA/NP 9 DNA/NP 18 DNA/NP
18 2.39 

(26.6 %)
2.17 
(12.1 %)

2.08 
(23.1 %)

2.14 
(11.9 %)

90 4.28 
(47.6 %)

4.98 
(27.7 %)

3.90 
(43.3 %)

5.41 
(30.1 %)

180 3.92 
(43.6 %)

3.91 
(21.7 %)

2.20 
(24.4 %)

4.72 
(26.2 %)

360 3.21 
(35.7 %)

2.99 
(16.6 %)

1.26 
(14.0 %)

2.7 
(15.0 %)
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This comparison shows that maximum grafting yield is achieved for 
the same limiting value of this ratio, equal to 90. Destabilization of the 
NP, or even reduced accessibility of the DBCO groups on the surface, 
when the ratio between the quantities of DBCO and NP is too high, are 
therefore responsible for the reduction in the quantity of grafted probe 
DNA. The fact that similar quantities of probe DNA are grafted for a ratio 
between the quantities of DBCO and probe DNA equal to 5 or 10 (90 
DBCO/NP), but also equal to 1 or 2 (18 DBCO/NP) indicates that the 
reactivity of the azide functions with respect to the DBCO functions, in 
any case under the conditions tested in this work, is satisfactory and is 
not responsible for the reduction in grafting yields above the limit value 
of 90 DBCO/NP.

Although the optimum quantity of grafted probe DNA, equal to 
approximately 5, was obtained for 18 probe DNA/NP and 5 DBCO/probe 
DNA (DBCO/NP = 90), these were not the conditions finally chosen 
because of the lower grafting yield and the high cost of custom oligo
nucleotide sequences. The conditions selected, 10 DBCO/probe DNA 
and 9 DNA/NP (DBCO/NP = 90), which allow the grafting of 4.28 probe 
DNA/NP and 3.90 probe DNA/NP for miR-122 and 133a, with grafting 
yields of 47.6 % and 43.3 %, respectively, were used for the grafting of 
the 4 other DNA sequences studied, complementary to miR-1, 133b, 
206, and 208a (Table 3).

The grafting yields of the 6 probe DNA with sequences comple
mentary to the targeted miRNA were between 42.4 % and 54.0 %, 
corresponding to quantities of grafted probe DNA of between 3.82 and 
4.86 probe DNA/NP. This corresponds, when calculating the average 
across all these probe DNA grafting experiments, without considering 
the diversity of sequences, which are nevertheless of similar lengths, to 
an average grafted probe DNA value of 4.22 and a standard deviation of 
0.34. In view of the diversity of nucleotide sequences, it can be 
concluded that this grafting method can be generalized to any nucleo
tide sequences, provided that it contains an azide function at its 3′ or 5′ 
end.

3.3. Capture of target DNA

All the nanoparticles considered during optimization of the grafting 
protocol by SPAAC click chemistry, therefore containing probe DNA on 
the surface complementary to miR-122 or 133a, were tested for capture 
by hybridization. Target DNA mimicking the sequences of the targeted 
miRNA were used because of their better stability. The NPs were first 
functionalized using the conditions described in the previous section, 
but with probe DNA that did not contain fluorescein at the 3′ end. The 
quantities of target DNA captured by hybridization were measured by 
fluorescence, using nucleotides sequences containing a 5.5 cyanine at 
the 5′ end. The use of NP containing fluorescent probe DNA was there
fore avoided, in order to ensure that the fluorescence intensity measured 
corresponded to the capture of target DNA.

Hybridization with nucleotide sequences was carried out in buffer at 
room temperature under agitation for 30 minutes. A preliminary 
experiment revealed rapid capture kinetics, with the quantity of target 
DNA hybridized to the surface of the nanoparticles reaching a plateau 
after 15 minutes of reaction (Figure S3). This rapid kinetic was expected 
for colloidal objects diffusing in solution due to their Brownian motion. 
Our group has already reported a much faster capture kinetic of the 

corresponding antibodies for antigen-functionalized NP, compared to a 
capture at the surface of a non-diffusing solid support [11]. The quan
tities of target DNA captured, for the two grafting protocols at 9 and 18 
probe DNA/NP are shown in Fig. 6, for miR-122, and in figure S4, for 
miR-133a. They are shown superimposed on the quantities of probe 
DNA grafted during the previous step, as a function of the DBCO/probe 
DNA ratio, so that the efficiency of the hybridization process on the 
surface of the NP can be assessed visually.

The amount of target DNA hybridized increases approximately in the 
same way as the amount of probe DNA grafted to the surface of the NP in 
the first step, indicating that the hybridization yield is approximately 
constant whatever the amount of probe DNA grafted to the surface of the 
NP. This means that the surface-grafted probe DNA are accessible and 
correctly oriented for hybridization with the target DNA.

The use of a higher quantity of probe DNA, equal to 18 probe DNA/ 
NP, during the probe DNA grafting step does not allow a significant 
increase in the quantity of target DNA captured. As the quantities of 
probe DNA grafted are approximately the same as for 9 probe DNA/NP, 
this means that for the NP obtained for these two grafting protocols, the 
hybridization yield of the probe DNA with the target DNA is similar.

Similar hybridization results were obtained for the second miRNA 
studied in more detail, miR-133a, and the results obtained are shown in 
Figure S4. As before, it is possible to compare the results obtained for 
these two grafting protocols and for these two miRNA, by expressing the 
results obtained as a function of the DBCO/NP ratio for the 4 values 
common to both protocols. The hybridization yields were calculated by 
comparing the amount of target DNA captured to the amount of grafted 
probe DNA. They are expressed as a percentage and are indicated in 
parentheses (Table 4). A comparison of all these results shows that the 
quantities of target DNA captured are highest for the DBCO/NP ratio 
value equal to 90, which is logical since this corresponds to NP con
taining the most probe DNA on the surface. On the other hand, it is also 
interesting to note that hybridization yields barely change, always 
remaining approximately between 50 % and 65 %, with the exception of 
the values measured for the DBCO/NP ratio equal to 18, for which the 
quantities of target DNA hybridized are sometimes lower, particularly 
for miR-133a.

Table 5 shows the quantities of target DNA hybridized for the 6 
different miRNA studied, with only the optimized grafting conditions 
(10 DBCO/probe DNA and 9 DNA/NP) used for the other DNA sequences 
studied, complementary to miR-1, 133b, 206 and 208a.

Observation of both the quantities of target DNA captured and the 
hybridization yields shows that this method of grafting probe DNA and 
then capturing target DNA gives satisfactory and similar results for all 6 
different miRNA studied, with around two to three target DNA hybrid
ized/NP and hybridization yields of between 49.5 % and 62.9 %.

This quantity of target DNA captured by nanoparticles can also be 
expressed in terms of the surface area occupied by each DNA double 
strand. Given that a NP has a surface area of around 2000 nm2, the 
occupation of this surface area by a few DNA double strands corresponds 
for each of them to an occupied surface area of several hundred nm2, a 
surface area that seems much greater than that corresponding to a DNA 
double strand, composed of around twenty bases, which can be esti
mated at a maximum of a few tens of nm2. However, this reduced cap
ture capacity has already been observed for surfaces functionalized by 
PEG chains whose flexibility limits adsorption, so that total coverage of 
the surface cannot be achieved [35]. In addition, the configuration 
adopted by the PEG chains (brush or mushroom) is dependent on their 
surface density and leads to the occupation of different surfaces on the 
NP [63− 65]. Although PEG chains probably limit the extraction ca
pacity of NP, they are nevertheless essential for stabilizing nano
particles, particularly in a biological environment, and for limiting 
non-specific adsorption phenomena.

In order to explore the potential of this method, the study was 
extended by considering the influence of the medium in which capture 
takes place. In the case of biological samples, the miRNA will be 

Table 3 
Number of probe DNA grafted per NP and grafting yields for the six different 
miRNA studied.

Probe DNA/NP Grafting yield (%)

Liver miR− 122 4.28 47.6
Skeletal/cardiac muscle miR− 1 4.3 47.8
Skeletal/cardiac muscle miR− 133a 3.90 46.3
Skeletal muscle miR− 133b 4.86 54.0
Skeletal muscle miR− 206 4.18 46.4
Cardiac muscle miR− 208a 3.82 42.4
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extracted not in a model medium, but in a complex medium containing 
proteins and antibodies that may adsorb non-specifically to the surface 
of the NP. We therefore tested the extraction of two of the miRNA 
studied in two complex media, bovine fetal serum and rat plasma. For 
miR-122, 1.81 and 1.96 target DNA/NP were extracted, i.e. 73 % and 
79 % of the extraction capacity in buffer (2.47 target DNA/NP), in 
bovine fetal serum and rat plasma, respectively. Similar results were 
obtained for miR-208a, for which 1.65 and 1.68 target DNA/NP were 
extracted, in bovine fetal serum and rat plasma, respectively, compared 
to 2.20 target DNA/NP extracted in buffer, i.e. approximately 75 % of 
the extraction capacity in buffer. This excellent preservation of the 
extraction capacity in a biological environment containing many other 
species likely to interact non-specifically with the surface of the NP is 
attributable to the presence of PEG chains, a source of repulsive in
teractions, which contribute to the colloidal stability of the nano
particles but also limit the non-specific adsorption phenomena. Our 
group has already obtained similar results in a study aimed at antibody 
capture by antigen-functionalized nanoparticles. In particular, we 
showed that by adjusting the APTS/PEOS ratio during the surface 

functionalization step, and thus modifying the surface density of the PEG 
chains, it was possible to significantly reduce the non-specific in
teractions of the surface with proteins [66].

The capture selectivity of probe DNA on the surface was also studied 
using NP functionalized by probe DNA under the conditions involving 
the most DNA during the functionalization step, i.e. 18 probe DNA/NP 
for a ratio between the quantities of DBCO and probe DNA equal to 5. 
Our idea was to obtain the maximum amount of probe DNA on the 
surface, despite the corresponding low grafting yield, in order to test 
their selectivity. The miR-133a target was chosen for this study in order 
to assess the capture selectivity of its complementary DNA with respect 
to miR-133b, which was also studied and differs from miR-133a by only 
one nucleotide. The capture capacity of these NP was evaluated against 
miR-133a, as a reference, and then against miR-122 and miR-133b in 
mismatch capture experiments. It was also determined in competition 
experiments involving mixtures of the target sequence, miR-133a, and 
the closest non-complementary sequence, mir 133b, in variable pro
portions (Table 6).

The results obtained show that miR-133a is selectively captured, but 
only to a certain extent. In fact, only miR-122, whose sequence is very 
different from miR-133a, is not captured at all by the NP. In the case of 
miR-133b, it is indeed captured, but with a lower hybridization rate of 
39.4 % instead of 62.4 %. Competition experiments show that reducing 
the ratio between the quantities of miR-133a and miR-133b, from 2 (1/ 
0.5) to 0.5 (1/2), results in a reduction in the hybridization yield of miR- 
133a from 55.9 % to 28.0 %, indicating that an increasing proportion of 
probe DNA is hybridized with the miR-133b sequence. To improve 
capture selectivity in this very unfavorable configuration, with a single 
nucleotide differentiating miR-133a from miR-133b, it would be 
possible to use modified complementary DNA, including locked nucleic 
acids (LNA) nucleotides, which bind more strongly to DNA than stan
dard DNA and could therefore possess a higher affinity for the targeted 
miRNA [67].

Fig. 6. Number of probe DNA grafted per NP (in green (A) or blue (B)) and target DNA captured per NP (in orange) according to the ratio between DBCO and probe 
DNA quantities with 9 (A) or 18 (B) DNA per NP. These results were obtained for miR-122.

Table 4 
Number of target DNA captured per NP and hybridization yields for miR-122 
and miR-133a.

miR-122 miR-133

DBCO/NP 9 DNA/NP 18 DNA/NP 9 DNA/NP 18 DNA/NP
18 1.43 

(60.1 %)
0.59 
(27.2 %)

0.83 
(39.9 %)

0.69 
(32.2 %)

90 2.47 
(57.8 %)

2.52 
(50.6 %)

1.93 
(49.5 %)

3.43 
(63.4 %)

180 2.09 
(53.3 %)

2.14 
(54.7 %)

1.04 
(47.3 %)

2.61 
(55.3 %)

360 2.04 
(63.6 %)

2.04 
(68.2 %)

0.69 
(54.8 %)

1.61 
(59.6 %)

Table 5 
Number of target DNA captured per NP and hybridization yields for the six 
different miRNA studied.

Target DNA/ 
NP

Hybridization yield 
(%)

Liver miR− 122 2.47 57.8
Skeletal/cardiac 
muscle

miR− 1 2.38 55.3

Skeletal/cardiac 
muscle

miR− 133a 1.93 49.5

Skeletal muscle miR− 133b 2.78 57.2
Skeletal muscle miR− 206 2.63 62.9
Cardiac muscle miR− 208a 2.20 57.6

Table 6 
Number of DNA captured per NP and hybridization yields for mismatch and 
competition experiments.

DNA/ 
NP

Hybridization yield (%)

Reference miR− 133a 3.34 62.4
Mismatch miR− 122 0 0

miR− 133b 2.11 39.4
Competition miR− 133a/miR− 133b 1/ 

0.5
2.99 55.9

miR− 133a/miR− 133b 1/1 1.93 36
miR− 133a/miR− 133b 1/2 1.5 28
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4. Conclusions

In this work, MNP were functionalized with DNA complementary to 
six different miRNA, most of which are biomarkers of muscular injury. 
To achieve this, size-sorted maghemite nanoparticles were coated with a 
layer of silica, the surface of which was doubly functionalized with 
amine functions and PEG chains. Two methods were studied for grafting 
the complementary DNA of two of the miRNA studied under varying 
experimental conditions, in terms of the ratio between the quantities of 
DNA and reagents, and also the ratio between the quantities of DNA and 
MNP. The first method studied involved the reaction between a thiol 
DNA and a maleimide group, while the second involved an azide DNA 
and a constrained triple bond. Strain-promoted azide alkyne cycload
dition, i.e. SPAAC click chemistry, proved to be the most successful 
method, enabling the grafting of around 4 DNA per nanoparticle with a 
yield of around 50 % for all the nucleotide sequences considered, thanks 
to the optimized experimental conditions. Moreover, optimization of the 
experimental conditions showed that the quantity of probe DNA grafted 
could be finely controlled and that the use of an excessive quantity of 
DBCO led to a reduction in grafting yields.

These probe DNA-functionalized MNP enabled the magnetically- 
assisted extraction of around 2 target DNA per nanoparticle, both in a 
buffered model environment and in a complex biological environment. 
The presence of PEG chains on the surface of MNP ensures colloidal 
stability and limits non-specific adsorption of proteins, thereby preser
ving extraction capacity and fast extraction kinetics in a biological 
environment.

These functionalized MNP could prove particularly useful as pre
concentration agents for certain miRNA in future bioassays combining 
magnetic separation and rapid quantification of miRNA for diagnosis in 
emergency situations.
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